Physicochemical analyses of Au nanoparticle monolayer formation on a glass surface functionalized with 3-aminopropyltrimethoxysilane (APTMS) and ethyltrimethoxysilane (ETMS) were performed for fabricating a nanoarchitecture of metal nanoparticles using self-assembly. The Au nanoparticle surface density on the functionalized glass surface correlated linearly with the optical response because of Au-nanoparticle localized surface plasmon resonance (LSPR). This relation enabled assessment of the Au nanoparticle deposition. A Frumkin isotherm showed the deposition of Au nanoparticles on the APTMS or APTMS/ETMS functionalized glass surface. For an APTMS-derivatized surface, the affinity between the Au nanoparticles and the surface decreased with the lowering of the APTMS surface coverage. The interaction parameter exhibited attractive interaction of 30-nm-diameter Au nanoparticles; 12 nm particles were repulsive. Adsorption isotherm experiments using Au nanoparticles on glass surfaces with an APTMS and ETMS mixed layer suggest that hydrophobic interaction between Au nanoparticles' bare gold surfaces caused the attractive interaction among 30-nm-diameter nanoparticles.
Introduction
Fabrication and control of a nanostructure on surfaces and interfaces are general subjects in materials chemistry and nanotechnology. Noble metal nanoparticles are key materials because they exhibit a unique optical response that is absent from the bulk metal. This is attributed to resonance in the collective oscillation of the conduction electrons in response to an incident electromagnetic field; 1 it is called localized surface plasmon resonance (LSPR).
The LSPR response of a nanoparticle depends on the dielectric properties of the surrounding medium. Therefore, Au-or Ag-nanoparticle-based nanostructures produce elaborate label-free optical sensing devices. For instance, nanosphere lithography, an approach for depositing a periodic Ag nanoparticle array on a surface, has been used to fabricate light-transmission-based 2,3 and lightscattering-based 4 sensitive label-free chemosensors. Goldcapped silica nanoparticle substrates have been used to perform single-nucleotide polymorphism analyses with peptide nucleic acids. 5 The characteristic of these approaches is a technique in which vapor deposition and nanoparticle assembly are combined. Another strategy for constructing a nanostructure on a surface is a bottom-up approach: depositing metal nanoparticles from a colloidal suspension to substrate surfaces by selfassembly. Gold nanoparticles were protected by bifunctional alkylthiols, which permit the formation of covalent chemical bonding with various surfaces. 6, 7 However, these nanoparticles have been synthesized as small: less than 10 nm. [8] [9] [10] The techniques cannot be applied when larger nanoparticles are required for applications such as light-scattering experiments. 5, [11] [12] [13] On the other hand, several research groups have revealed that Au nanoparticles synthesized using a citrate-reduction method are strongly adsorbed onto a glass surface coated with bifunctional-organosilanes. [14] [15] [16] [17] [18] Their approach was later applied for fabricating an Au-nanoparticle-monolayer-based LSPR optical sensor for use in biomolecule interaction measurements. Several groups have reported the potential use of such nanoparticles for molecular interaction analyses of Au nanoparticle monolayers on a glass substrate surface. Previous studies have demonstrated the biomolecular sensing ability of LSPR spectroscopy using gold nanoparticles immobilized on a glass substrate using conventional transmission spectrophotometry, through streptavidin-biotin assay 19 and immunoassay. 20 High sensitivity comparable to that of a conventional SPR sensor for gold-nanoparticle-modified opticalfiber-based LSPR sensors has also been reported. 21, 22 These studies used a nanoparticle layer as a "monolayer". One report described that the aggregation of nanoparticles spoils the utility of a LSPR sensor for biosensing; a 39 nm Au nanoparticle exhibited the highest sensing ability. 19 Typically, nanoparticles smaller than 20 nm were used in prior studies for monolayer or multilayer formation of Au nanoparticles; [15] [16] [17] [18] [23] [24] [25] [26] physicochemical properties different according to the nanoparticle size. 27 Selfassembling characteristics of nanoparticles larger than 20 nm on surfaces and interfaces are not fully understood. For that reason, morphological study and analyses of the self-assembly of variously-sized gold nanoparticles are necessary not only for fabrication of nanoparticle-based architecture, but also for surface-based biodevices.
As described in this paper, we report fundamental analyses of the self-assembled monolayer formation of Au nanoparticles on a chemically modified glass surface functionalized by 242 ANALYTICAL SCIENCES FEBRUARY 2009, VOL. 25 organosilanes. The chosen diameter for Au nanoparticles was 30 nm, for which size physicochemical properties have been insufficiently investigated. Atomic force microscopy (AFM) measurements were used to analyze the particle size, spacing, and absolute amounts of Au nanoparticles on the surface. Furthermore, UV/vis spectrophotometry was used to obtain the optical spectrum of Au nanoparticles on functionalized glass surfaces viewed using LSPR. The combination of AFM and UV/vis provided a simple method for determination of the surface amount of Au nanoparticles, which was attributable to the Beer's-law-like linear correlation. The surface immobilization equilibrium for Au nanoparticle on the silanized glass surface can be described using a Frumkin isotherm with adsorption coefficients (binding constants to modified surface) that decreased concomitantly with the APTMS coverage of the surface. Finally, the affinity between Au nanoparticles or Au nanoparticles and the chemically modified surface was examined through adsorption experiments and the Frumkin interaction parameter.
Experimental

Preparation of Au nanoparticles
First, Au nanoparticles were synthesized through sodium citrate reduction of HAuCl4, which resembles a previously reported procedure. 19, 20, 28 In brief, 100 mL of 0.3 mM (M = mol·dm -3 ) HAuCl4·4H2O (Kanto Chemical Co. Inc.) was brought to a vigorous boil with stirring; subsequently, 1.0 mL of 5 mM sodium citrate (Wako Pure Chemical Industries Ltd.) was added rapidly to the solution. The solution was boiled for another 10 min, during which time the solution changed color from pale yellow to deep red. The solution was allowed to cool to room temperature with continued stirring. The suspension was filtered using a 0.22-mm pore size syringe filter, then stored in a refrigerator until further use. The average diameter of gold nanoparticles was determined using atomic force microscopy (AFM, SPI3700; SII Nano Technology Inc.). However, because of the convolution effects between AFM tip and surface, nanoparticles were observed as larger in the lateral direction of the AFM image. Therefore, the gold nanoparticle diameter was determined according to the image height 20 as 30 ± 5 nm. The concentration of the Au nanoparticle suspension is determined by its molar absorptivity coefficients. The molar absorptivity coefficient of our nanoparticles was estimated from datasets of commercially available Au colloid dispersions (BB International Inc., London), which have known concentrations. 29, 30 In brief, the plots of the molar absorptivity coefficient vs. nanoparticle diameter were drawn. Then, the molar absorptivity coefficient of our nanoparticle was calculated from the nonlinear least squares fitting M -1 cm -1 curve as 3.16 ¥ 10 9 M -1 cm -1 at the peak wavelength. The obtained coefficient showed close agreement with a figure obtained from the literature: 3.0 ¥ 10 9 M -1 cm -1 . 30 
Functionalization of glass surface
A commercially available glass slide (76 ¥ 26 mm; Matsunami Glass Ind. Ltd.) cut into six pieces, were used as the substrate for colloidal gold layer assembly. The glass substrates were cleaned using aqua regia (3:1 HCl:HNO3) and a diluted alkaline detergent overnight; they were then washed extensively with ultrapure water (Milli-Q; Millipore Corp.), and dried before use. The cleaned glass substrate was immersed in a solution of organosilanes in toluene for 5 min, rinsed five times in ethanol with sonication for 5 min, and rinsed two times in water for 5 min. Both sides of the glass slide were coated with organosilane using this procedure. For this study, 3-aminopropyltrimethoxysilane (APTMS; Tokyo Kasei Kogyo Co. Ltd.) and ethyltrimethoxysilane (ETMS, Lancaster Synthesis) were used as organosilanes.
Au nanoparticle deposition on silanized glass surface
The glass substrates after functionalization were rinsed with ultrapure water and immersed in a colloidal gold suspension to fabricate gold nanoparticle layers on both sides of the substrate. After incubation of the glass slide in the suspension, the glass slide was washed gently with ultrapure water. Then the transmission spectrum was measured in a glass cell, which had been filled with ultrapure water. The glass slide was stored in ultrapure water until the AFM or UV/vis measurement was carried out. The AFM image of the glass slide was obtained in atmospheric conditions. A conventional UV/vis spectrophotometer (Lambda 20; PerkinElmer Inc.) was used to measure the transmission spectra for Au nanoparticle suspension and the deposited glass slide. These experiments were carried out in a room in which the temperature was maintained at 298 ± 2 K.
Contact angle measurements
An apparatus for contact angle measurement, which was equipped with a white light source and CCD camera, was constructed and used for experiments. The measurements were carried out using a 5-ml ultrapure water droplet at room temperature with a standard procedure. 31 Measurements were repeated three times at different positions on the same sample surfaces. Acquired images for droplets were analyzed using software (ImageJ; NIH) with an LBADSA plugin.
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Results and Discussion
Immersion time dependence
First, we examined Au nanoparticle deposition on an APTMS modified glass surface. Concentration of APTMS in toluene for modification of the glass substrate was 290 mM. Transmission spectra obtained after 1 -3 h immersion in 0.58 nM suspension are presented in Fig. 1(a) . The absorbance maximum was located at 531 nm, although that of the synthesized Au colloidal sol was 530 nm. This discrepancy is inferred as having arisen from the difference of the dielectric properties around Au nanoparticle between conditions when dispersed in water and when deposited on the glass surface. Absorbance maxima are shown as a function of the immersion time ( Fig. 1(b) ). Absorbance of the Au nanoparticle-deposited substrate was increased with the immersion time, and saturated at the time larger than 5 h at each concentration of the Au nanoparticle suspension. The deposited substrate turns blue and a spectral shoulder at wavelengths greater than 600 nm appears in transmission spectra when Au nanoparticles form an aggregate or a multilayer. [24] [25] [26] No spectral shoulder was observed at these concentrations and immersion times in our experiments. Therefore, we inferred that Au nanoparticles were deposited as a monolayer on substrate surfaces.
Au nanoparticle adsorption analysis using AFM
Using the same procedure as that described in a previous section, we prepared APTMS functionalized glass. The Au nanoparticles were deposited on a glass surface at various concentrations of Au colloidal suspension with an immersion time of 6 h. The AFM images for glass surfaces prepared in concentrations of 0.22, 0.31, and 0.40 nM are depicted in Fig. 2 . The Au nanoparticles were immobilized on the glass surfaces with a monolayer format, as confirmed using AFM images. The surface densities of Au nanoparticles on surfaces were calculated from the amounts of nanoparticles and the AFM scan areas. For instance, surface densities of Au nanoparticles were obtained respectively as 32.6, 54.9, and 84.9 particles/mm 2 for images in panels (a), (b), and (c) of Fig. 2 .
Adsorption or deposition of colloidal particles is often irreversible. A simple or extended random sequential adsorption model 33, 34 can adequately explain such systems. However, various adsorption isotherms 35 are useful for quantitative analyses of molecular depositions and adsorptions for various types of surfaces and interfaces despite their irreversibility because of the formation of chemical bonds. 36 Although the Langmuir isotherm has been used to resolve a molecular association mechanism with molecularly flat interfaces such as liquid/liquid interfaces, 37 and with gel-modified solid surfaces, 38 this model is not applicable when adsorbates mutually interact strongly. In contrast, a Frumkin isotherm is often applied to analyze the adsorption or association of amphiphiles and biomolecules that exhibit intermolecular interactions. 36, 39 We used a Frumkin isotherm to analyze Au nanoparticle deposition on chemically modified glass surfaces, although similar studies by Keating et al. used 12 nm Au nanoparticles. 18 The Frumkin isotherm is expressed in general form as 40 
KC
where K, C, and q respectively signify the adsorption equilibrium constant, bulk concentration and surface coverage of the adsorbate. Parameter g¢ takes into account intermolecular (or interparticle) interactions; positive and negative signs are assigned respectively to repulsive and attractive forces. When g¢ = 0, Eq. (1) agrees with the Langmuir isotherm. The Frumkin isotherm was used to analyze our isotherm obtained from AFM measurements as
where GAu, CAu, and a respectively denote the surface amount (mol cm -2 ), concentration in suspension (M), and the saturated surface amount (mol cm -2 ) of Au nanoparticles.
The adsorption isotherm for Au nanoparticles is depicted in The occupied area was calculated as 81 nm ¥ 81 nm, which allows a Au nanoparticle film to form a monolayer, even in the saturation condition. The large value of K reflects high affinity between Au nanoparticles and the APTMS-modified surface. The Au nanoparticles synthesized using citrate-reduction method are negatively charged: they are adsorptive to a positively charged aminemodified surface. [16] [17] [18] Keating et al. analyzed an adsorption isotherm of 12-nm-diameter Au nanoparticles on an APTMSderivatized glass surface, as examined using UV/vis spectrophotometry. 18 Although values a were smaller because of the larger nanoparticles and the fact that K was larger than that in their study, we found that the respective signs of g¢ were opposite for 12-nm and 30-nm nanoparticles.
Kim et al. examined the zeta potential difference according to the Au nanoparticle size and discussed their interactions using DVLO theory. 27 According to their data, the absolute value of the zeta potential for Au nanoparticle surface was reduced by the decrease of the nanoparticle diameter. In the citrate reduction method, the Au nanoparticle size was controlled by the initial molar ratio of precursor chemical species, which increases concomitantly with the increase of the tetrachloroaurate/citrate ratio. 19 Consequently, the remaining citrate anion concentration on a Au nanoparticle surface, which gives the negative charge feature, was reduced by increasing the nanoparticle diameter. However, the question as to why negatively charged nanoparticles exhibited attractive interaction remains. We discuss the origin of attractive forces among negatively charged Au nanoparticles in later sections of this paper.
Correlation between absorbance and surface amounts for Au nanoparticles on a substrate surface
The correlation between the transmission spectra of glass slides and the surface amount of Au nanoparticles deposited on an APTMS-modified glass surface was also examined. Derivatization by APTMS of the glass surface was carried out using the same procedure as that used in previous sections.
Transmission spectra and AFM images of identical samples were obtained; then absorbances per side of the substrates (observed absorbances were divided by 2) at the absorbance maxima were inferred as a function of GAus from the AFM image portrayed in Fig. 4 . The solid line in Fig. 4 was drawn using least squares curve fitting. A good linear correlation (R = 0.975) between the optical response and GAu was obtained with the slope of 1.17 ¥ 10 13 M -1 cm 2 , which had a meaning analogous to the molar absorptivity in a normal Lambert-Beer equation. 41, 42 This relation provides a simple determination method of Au nanoparticles deposited on a transparent substrate surface using conventional UV/vis spectrophotometry. It was used to determine GAu on a silanized glass surface, as described in subsequent sections.
Modulation of Au nanoparticle deposition by organosilanes
We examined the concentration dependence of APTMS on functionalization of the glass surface. The Au nanoparticles were deposited on APTMS-modified glass surfaces prepared with various APTMS concentrations of toluene solution of which the Au nanoparticle concentration was constant: 0.84 nM. Optical spectra for these samples were measured; absorbances at absorption maxima are shown as a function of APTMS concentrations in Fig. 5 . The absorbance was increased with the increment of APTMS concentration in toluene on the silanization of glass substrate, and saturated at concentrations greater than 5 mM of APTMS. The Au nanoparticles were deposited by the electrostatic interaction with APTMS at the glass surface. [16] [17] [18] [23] [24] [25] Therefore, the adsorption amount of Au nanoparticles seems to correlate with the immobilized amount of APTMS. Contact angle measurements for glass substrates prepared at concentrations of 0 -10 mM were carried out to confirm deposition of APTMS on the glass surface. The result is depicted in Fig. 6 . The values of contact angles were increased with increasing APTMS concentration because of the hydrophobicity of the surface increment with the deposited APTMS density. 43 However, the feature of the contact angle in Fig. 6 showed a difference from that of absorbance in Fig. 5 . As portrayed in that figure, absorbance saturates at concentrations greater than 5 mM APTMS, whereas contact angle saturates at 3 mM. These facts might indicate that the lower surface concentration of APTMS gives a positive charge at the glass surface to bind Au nanoparticles, but only to a poor degree. The fluctuation of absorbance at APTMS concentrations lower than Fig. 3 The adsorption isotherm for Au nanoparticles at the APTMSderivatized glass surfaces by AFM measurements. The glass substrate was prepared using a 290 mM APTMS solution (toluene) on the silanization procedure. The solid line was drawn using nonlinear least squares curve fitting by Eq. (2). Fig. 4 Plot of absorbances at absorbance maxima for a glass substrate with deposited Au nanoparticles vs. surface amounts of Au nanoparticles by AFM. The glass substrate was prepared with a 290 mM APTMS solution (toluene) on the silanization procedure. The solid line was drawn using linear least squares curve fitting.
5 mM in Fig. 6 probably also arises for the reason described above.
On the other hand, Au nanoparticles adsorb onto the APTMSmodified glass surface with dependence on the APTMS concentration on the surface. The plots in Fig. 5 were analyzed with the assumption that the APTMS concentration at the surface is proportional to the amount of the adsorbed Au nanoparticles. The solid line in Fig. 5 was drawn using a Langmuir isotherm (Eq. (1) with g¢ = 0). Correspondence to surface coverage for APTMS (qAPTMS) is shown in the right axis of Fig. 5 . Results show that the adsorption isotherm of Fig. 3 was obtained at qAPTMS ª 1 from these experiments because the concentration of APTMS was 290 mM and sufficiently greater than the concentrations depicted in Fig. 5 . We also examined the adsorption isotherm for Au nanoparticles on the APTMS derivatized glass surface at different qAPTMS values. Figures 7(a) and 7(b) respectively depict the obtained isotherms for Au nanoparticle at qAPTMS = 0.47 and qAPTMS = 0.79. These values were obtained from the APTMS concentrations of 3 and 12 mM on the silanization of the glass surface. Curve fitting was performed using Eq. (2), yielding the values of a, K, and g¢. These parameters are summarized in Table 1 . The value of a in qAPTMS = 0.79 was comparable to that in qAPTMS = 1.0. Considering the area per molecule or nanoparticle, smallmolecule APTMS might possess a smaller occupied area on the glass surface than Au nanoparticles. For instance, organosilanes with long alkyl chains typically have less area per molecule than 0.5 nm 2 . 44, 45 Even if the area per molecule for APTMS is 0.5 nm 2 for the condition in which the glass surface is saturated by APTMS, the distance between APTMS molecules at the surface does not exceed the diameter for 30 nm nanoparticles when qAPTMS = 0.79. Therefore, the adsorption sites for Au nanoparticles on the surface with APTMS were maintained at qAPTMS = 0.79 compared to qAPTMS = 1.0. However, the value of K, which shows the affinity between an adsorbate and a surface, was decreased by the decrement of qAPTMS. Consequently, the decrease of qAPTMS shows the reduction of the attractive affinity between Au nanoparticles and the APTMS modified surface, even in the adsorption area where Au nanoparticles had been held. At qAPTMS = 0.47, the values of a and K were dramatically lower than they were at qAPTMS = 1.0. Although the distance between APTMS molecules at qAPTMS = 0.47 is calculated as 1.0 nm, it is still not beyond the diameter of Au nanoparticles on the approximation in which the surface area of 0.5 nm 2 for APTMS at qAPTMS = 1.0. The lower affinity between Au nanoparticles and the APTMS-modified surface at qAPTMS = 0.47 gives a smaller force for the immobilization of Au nanoparticles than at qAPTMS = 1.0 and 0.79. Parameter g¢ was always negative; its strength increased with decreasing qAPTMS. That result reflects that the attractive interaction between Au nanoparticles became greater concomitantly with the decrement of the surface APTMS amount. Lowering of the affinity between Au nanoparticles and the APTMS-modified surface emphasizes the attractive interaction between Au nanoparticles in the solution and on the surface.
For our experimental system, ETMS was used to examine the Au nanoparticle deposition according to different surface properties from those of a surface functionalized using solely APTMS. A mixed solution of APTMS and ETMS was used for silanization of the glass surface. The ETMS possesses no polar functionality and is terminated by a methyl group, which provides a hydrophobic character to the glass surface. Figure 8 shows that absorbances at absorption maxima for transmission spectra for the Au nanoparticle deposited glass substrates were obtained at various mole fractions of APTMS with fixed total concentration of 290 mM.
The concentration of Au nanoparticles was also fixed as 0.84 nM; the indicated mole fractions were defined as APTMS (mol)/(ETMS (mol) + APTMS (mol)). Over a wide range of mole fractions, absorbance for the glass substrate was almost unchanged by the mole fraction, even at 0.02, for which the APTMS concentration was 5.8 mM. However, no deposition of Au nanoparticles was observed at the mole fraction of zero. By if the hydrophilic glass surface were preferentially functionalized by polar bifunctional APTMS rather than ETMS, qAPTMS did not exceed 0.63, as estimated using Fig. 5 . That result suggests that hydrophobic ETMS served as the adsorption site for Au nanoparticles on the surface, although they did not work when the glass surface was covered completely by ETMS.
Adsorption isotherm experiments were carried out to analyze the behavior at ETMS and APTMS mixed functionalized surface. Figure 9 portrays the adsorption isotherm for Au nanoparticles at the ETMS/APTMS functionalized glass surface; the glass substrate was prepared with the mole fraction of 0.3 with the total concentration of 10 mM. The drawn curve and the parameters were obtained using nonlinear least squares curve fitting by Eq. (2); the parameters are presented in Table 1 . Calculated values of the coverage for ETMS and APTMS are also shown in Table 1 ; the values were estimated under the assumptions that the adsorptivity on the glass surface was unaltered between ETMS and APTMS, and that the mole fraction was maintained at the surface. As depicted in Fig. 5 , qAPTMS could never exceed 0.47 if the value were an overestimation for the smaller value than the true one of the APTMS coverage. That is true because of the hydrophilicity of APTMS, which would allow for preferential functionalization rather than ETMS. In addition, the respective values of the contact angle for the glass surfaces prepared at 3 mM APTMS and 7 mM ETMS/3 mM APTMS were 46.6 ± 1.1˚ and 53.0 ± 3.0˚. This result shows that a mixed layer of ETMS and APTMS on the glass surface was formed using our procedure. The value of K is a similar value in the absence of ETMS, but values of a and g¢ were increased by the addition of ETMS. The enlargement of a in the presence of ETMS also substantiates that ETMS/APTMS mixed surface modification serves as the adsorption site for Au nanoparticles, similarly to that of the result portrayed in Fig. 8 .
As described above, the 12 nm Au nanoparticles exhibited a repulsive interaction, 18 but the 30 nm particles in this study were attractive in the adsorption experiments. The reduction of the surface potential strength by the increment of size 27 suggests that a bare gold surface in the absence of hydrophilic citrate anion was exposed on the larger Au nanoparticle surface. In addition, a bare gold surface possesses a hydrophobic character, 46 and ETMS at the glass surface serves as the adsorption site for Au nanoparticles. These facts might represent that an attractive interaction between Au nanoparticles is the hydrophobic interaction of a bare gold surface for Au nanoparticles. The proposed model for interaction of a bare gold surface for Au nanoparticles and an ETMS/APTMS modified surface is portrayed in Fig. 10 . Parameter g¢ was increased by decreasing qAPTMS and adding ETMS; K was decreased by the decrement of qAPTMS, but was unchanged by ETMS. Therefore, these values g¢ and K are expected to affiliate to hydrophobic and electrostatic interactions, respectively, when, typically, these two interactions drive the interfacial adsorption of an adsorbate, such as an amphiphile. 
Conclusions
Results of this study demonstrated that the monolayer formation of Au nanoparticles on the glass surface functionalized by organosilanes can be analyzed using AFM and UV/vis spectrophotometry. Because absorbances for Au nanoparticle deposited glass substrates were correlated linearly with counted nanoparticle amounts by AFM, we infer from the results that the surface amount of Au nanoparticles could be verified easily using conventional UV/vis spectrophotometry. Using the Frumkin isotherm, the affinity between an Au nanoparticle and a silanized glass surface, and inter-nanoparticle interaction were evaluated. For the APTMS derivatized surface, the affinity between the nanoparticle and surface was decreased by the lowering of the surface coverage of APTMS. Furthermore, we observed an attractive property of inter-nanoparticle for larger Au nanoparticles, which was absent in smaller particles of 12 nm diameter. Results suggest that the origin of attractive forces arose from hydrophobic interaction, as elucidated by the adsorption experiments at the ETMS/APTMS mixed layer. This study presents useful information for fabricating nanoparticlebased architectures using a self-assembly technique, and a robust strategy for constructing Au nanoparticle-based biosensing devices and platforms for surface-enhanced spectroscopy. 14, 48 
